Electrospinning is a simple, versatile technique for fabricating fibrous nanomaterials with the desirable features of extremely high porosities and large surface areas. Using emulsion electrospinning, polytetrafluoroethylene/polyethene oxide (PTFE/PEO) membranes were fabricated followed by a sintering process to obtain pure PTFE fibrous membranes, which were further utilised against a polyamide 6 (PA6) membrane for vertical contact-mode triboelectric nanogenerators (TENGs). Electrostatic force microscopy (EFM) measurements of the sintered electrospun PTFE membranes revealed the presence of both positive and negative surface charges owing to the transfer of positive charge from PEO which further corroborated by FTIR measurements. To enhance the ensuing triboelectric surface charge, a facile negative charge-injection process was carried out onto the electrospun (ES) PTFE subsequently. The fabricated TENG gave a stabilised peak-to-peak open-circuit-voltage (V oc ) of up to ~900 V, a short-circuit current density (J sc ) of ~22 mAm -2 and a corresponding charge density of ~149 μCm -2 , which are ~12, 14 and 11 times higher than the corresponding values prior to the ion-injection treatment. This increase in surface charge density is caused by the inversion of positive surface charges with the simultaneous increase in the negative surface charge on the PTFE surface, which was confirmed by using EFM measurements. The negative charge injection led to an enhanced power output density of ~9 Wm -2 with high stability as confirmed from the continuous operation of the ion-injected PTFE/PA6 TENG for 30,000 operation cycles, without any visible reduction in the output. The work thus introduces a relatively simple, cost-effective and environmentally friendly technique for fabricating fibrous fluoropolymer polymer membranes with high thermal/chemical resistance in TENG field and an ion-injection method which is able to dramatically improve the surface charge density of the PTFE fibrous membranes.
Introduction
The development of nanogenerators as a type of physical devices to convert abundant waste mechanical energy into electricity has gathered significant pace over the last decade or so.
Especially, the rapid development of portable devices and demands for battery-free, micro-/nano-self-powered sensor systems is pushing new developments in the field of energy harvesting. Triboelectric nanogenerators (TENG), first developed by Prof. Wang's group in 2012 1 , have scaled up quite rapidly in terms of their power output with current reported values of hundreds of watts per square meters. 2 In fact, TENG based self-powered systems were demonstrated to effectively harvest mechanical energy from human motions, such as vibration during walking, 3 finger typing, 4 and from ambient sources such as water waves [5] [6] [7] or even the wind. 8, 9 The operation of TENGs is based on a judicious use of materials, with the highest power output from material combinations which are further apart in the so-called triboelectric series. 10 Polytetrafluoroethylene (PTFE), as one of the most triboelectric negative materials listed in the series, has been widely utilised in the area of TENGs for both energy harvesting and sensing devices. 4, 6, 7, 11, 12 PTFE has a helical chain confirmation caused by the strong repellence amongst the fluorine atoms, thus providing the carbon backbone chain with a uniform coverage of fluorine which makes it highly inert to nearly all chemicals. Due to its high chemical resistance and thermal stability, 13, 14 most of the reported research on the use of PTFE for TENGs has focused on the use of commercial thin-film PTFE without any surface treatment 4 or the use of treated PTFE films by expensive techniques like reactive ion etching 15, 16 for forming micro/nanostructures on the surfaces. It is commonly recognised that the enhancement of the surface areas by micro/nanostructures enhances the effective surface charge density, hence the power output of the TENG during the energy harvesting (contact/friction) process. [17] [18] [19] [20] Zhang et al. 21 reported on nanowire structures on the surface of the PTFE thin-films by applying inductively coupled plasma reactive ion etching (ICP RIE) technology with a thin gold mask. Similarly, using a copper etch mask, Chen et al.
synthesised ~1.5 μm long PTFE nanowires on a 50 μm thick PTFE film and further utilised it to fabricate a PTFE/Al TENG with an areal power density of 725 mWm -2 . 11 In a sliding mode TENG, the use of ICP RIE to create nanoparticles on the PTFE films was again shown to significantly enhance the power output to nearly 350 mW/m 2 . 22 Although the PTFE thinfilms with relatively high nanostructured surface areas were successfully achieved using the ICP-RIE process, the procedure itself is dependent on capital-intensive equipment and processes are complicated and not economically scalable.
In comparison, electrospinning (ES) is an extremely simple and broadly used technique which is capable of producing fibrous nanomaterials with intrinsically high porosity and large surface areas. 23 Electrospinning relies on the electrostatic force generated between the needle(s) and the collector(s) to produce fine fibres from the charged polymer solution or melt. Since the strong mutual electrical repulsive forces can overcome the weaker forces of surface tension in the charged polymer liquid, the polymer jet can be formed from the charged polymer solution/melt drop, called as Taylor cone, and collected on the collector as fibres with diameters ranging from nanometer (nm) to several micrometres (μm). 24 In previous studies, the technique has already been utilised in the field of TENGs for producing many different polymer membranes with fibrous surface structure, for example, polyvinylidene fluoride (PVDF), 17, 25 Nylon, 25 ion gel 26 etc. For these polymer materials, the solvent can be used to dissolve the polymers, so that the corresponding polymer solution can be used for electrospinning process. However, the fabrication of electrospun PTFE nanofibers is much more challenging owing to its high chemical resistance and thermal stability, which means it is nearly impossible to directly obtain/maintain the PTFE solution for electrospinning process. Moreover, since the PTFE does not show any branching behaviour and no chain entanglement, exceptionally high molecular weight (M w ) of up to 10,000,000 g/mol is sometimes required to achieve sufficient mechanical strength. 27, 28 However, for such high M w , the melt viscosity is then too high to process it through melt electrospinning.
To overcome the challenges of using highly toxic solvents and very low solubility of fluorinated polymers, a feasible environment-friendly method for fabricating electrospun fibrous membrane has emerged, called as emulsion electrospinning. [29] [30] [31] [32] The method utilises the mixture of water-based polymer emulsion and water-soluble polymer (carrier) for fabricating composite fibres. After that, a sintering step is performed to process the unspinnable polymer particles into continuous fibres by eliminating the organic carrier. [33] [34] [35] Specifically for electrospinning PTFE, dispersion of PTFE particles in water, stabilised by wetting agents, have been used along with a blend of water-soluble polymer for the preparation of the PTFE fibrous membranes. 29, 36 Reports from Xiong et al. 37 Herein, based on the fabrication of fibrous PTFE porous membranes by electrospinning and polyamide-6 (PA6) membranes by phase inversion process, we report on a cost-effective PTFE based vertical contact-mode TENG with a highly nanostructured rough surface. We further utilise an ion-injection process to introduce a high amount of stable static negative charges on the PTFE surface to significantly enhance the power output. While the average peak-to-peak output voltage (Vp-p) and output current density for the as-sintered ES PTFE/PA6 are ~77 V and ~1.6 mAm -2 , corresponding to a charge density of ~13.5 μCm
after the ion-injection process the corresponding values increase dramatically and stabilise at ~900 V, ~20 mA -2 , and ~149 μCm -2 respectively. The electrospun, ion-injected PTFE/PA6
TENG is able to deliver an output power of ~9 Wm -2 , significantly higher than the values reported using the plasma processed PTFE nanowires-based TENGs. The static negative charges introduced on the surface of PTFE are highly stable in nature as measured using electrostatic force microscopy (EFM) and stability measurements carried out for nearly 30,000 cycles. The work thus introduces a relatively simple, safe and cost-effective route to obtain PTFE nanofiber membranes via emulsion electrospinning. The further ion-injection process enables high surface charge density PTFE based triboelectric nanogenerators for energy harvesting applications and self-powered systems.
Experimental Materials
The aqueous dispersion of PTFE (62 wt%) was purchased from Dongguan Jin Ming plastic raw material Co. Ltd. (China), with an average PTFE particle size of 80 nm. 
Electrospinning and sintering of PEO-PTFE membranes
Electrospinning of composite PEO-PTFE membranes was carried out in a home-built 
Fabrication of TENGs
The physical structure of the contact-mode TENG is based on the conventional design shown in our earlier works. 39 The PA6 membrane was prepared using a phase inversion process wherein the 20 wt% dope solution was prepared using formic acid by continuously stirring at approximately 70 °C for three hours. Further details on the spin-coating process and quenching temperature can be found in our earlier works. 39 Figure S2 in SI shows the surface and cross-sectional morphology, displaying high porosity of the PA6 membrane used in this work. The obtained PA6 membranes were attached to the acrylic sheet using a conductive adhesive aluminium tape electrode. For the bottom contact layer, the porous electrospun PTFE membranes were again attached using a conductive aluminium tape. Two square acrylic sheets of 3 cm × 3 cm were used as the support substrate, and each of the membranes with an effective area of 2 cm × 2 cm was fixed at its centre.
Characterisation
A Hitachi S3400N scanning electron microscope (SEM) was used to observe the surface of PTFE, PA6 membranes and nanofiber morphology. Differential scanning calorimetry (DSC) was used to investigate the crystallinity as well as the presence of PEO in the PTFE membranes using a TA Instruments DSC Q2000. The samples, approximate weight of 2 mg, were heated at 10 °C.min The electrical measurements of the assembled TENG devices were carried out using a combination of dynamic fatigue tester system (Popwil Model YPS-1), an oscilloscope (Tektronix MDO3022), and a pico-ammeter (Keysight B2981A). The fatigue test system, interfaced to a personal computer, performs repeated pressing/releasing in the 10-1000N load range at a 1-10 Hz controlled frequency range.
Results and discussion

Optimisation of PTFE:PEO ratio
As discussed earlier, direct electrospinning of PTFE is inherently difficult due to its high chemical inertness and resistance 13, 14 and high melt viscosity which inhibits the use of melt electrospinning technique. Thus, techniques such as co-axial 40 and emulsion electrospinning 13, 38 have been developed to prepare PTFE nanofiber membranes. Previously, Xiao et al have utilised a blend of polyvinyl alcohol (PVA) with PTFE followed by a sintering process to obtain PTFE nanofibers. However, it was observed that the high percentage of PVA (~30 wt%) led to poor tensile properties of the ensuing PTFE nanofibers.
It is known that to obtain high-quality continuous nanofiber structure from un-spinnable polymers such as PTFE, the concentration ratio of sacrificial carrier to polymer needs to be tuned carefully. At low concentrations of the carrier polymer, no continuous nanofiber structures can be obtained, whereas high concentrations lead to the poor mechanical properties. 29 Thus, an optimal value of carrier concentration is required where continuity of the fibres is maintained, and yet the carrier polymer can be eliminated during the subsequent sintering process. In our case, to obtain PTFE membranes with a uniform structure, i.e.
displaying a good fibrous structure with the PTFE particles embedded uniformly in a PEO matrix, four different weight ratios (0.04, 0.07, 0.09 and 0.12) of PEO/PTFE were tried. The fibrous membranes collected from these four ratios of PEO/PTFE show a significant difference ( Figure 1 ) in fibre morphology. At the lowest weight ratio of 0.04, no significant fibre structure could be observed, and the deposited film was full of beads (2±1 μm diameter sphere) with an only trace amount of fibre connections amongst them as shown in Figure 1a ).
Such morphology can be attributed to the small quantities of PEO which are unable to bind the PTFE particles together to form a continuous structure.
Based on the previous research, it is known that with the percentage increase in the carrier, the bead-like structures can be reduced or even completely eliminated. 29, 38 Upon increasing the amount of PEO in the mixture to a weight ratio of 0.07 and eventually to 0.09 ( Figure   1b&c ), the PTFE/PEO fibres transform from bead-like structure to more fibrous structures, with fibre diameters of 700±200 nm and 900±200 nm respectively. In fact, the bead-like structures are fully eliminated with the fibrous structure becoming continuous and uniform when the PEO/PTFE ratio is increased to 0.12 ( Figure 1d ), resulting in an average fibre diameter of 1100±200 nm. It should be noted that the PEO/PTFE ratio of 0.12 is significantly lower than that reported by Xiao et al (0.42, PVA/PTFE) and then makes it easier to remove the carrier polymer to obtain pure PTFE fibres with superior mechanical properties. 37 However, as compared to the recent report by Feng et al., our optimal ratio is nearly four times higher which could be due to various factors including PEO solution concentration (18 wt%), M w of PEO, and variation of electrospinning equipment and parameters.
29
Optimisation of sintering temperature
The sintering temperature and process are keys to the formation of phase-pure PTFE nanofibers by eliminating the carrier PEO. To assess the sintering temperature range, we first carried out the TGA and DSC analysis of the pristine PEO and as-prepared ES PTFE/PEO samples. For pristine PEO, the TGA thermogram and its differential (DTG) curve revealed that the single mass-loss step occurs in the range of 320-450 °C, with an onset temperature of ~350 °C and a residual weight of less than 4% at 600 °C. For the composite ES PTFE/PEO (0.12 ratio) sample, the thermogram shows an expected two-step mass loss, corresponding to the decomposition of PEO and PTFE phases, respectively. While the onset temperature of the PEO phase in the composite film is similar, the peak weight-loss temperature for the PEO component is lower (~385 °C), as compared to the pristine PEO (~405 °C), which can arise due to the interfacial effects between the PTFE and PEO components. 29 The second mass loss step occurs in the range of 475-605 °C, corresponding to the decomposition of PTFE, with an onset temperature of ~500 °C. Looking at these results, in a combination of the TGA results, it can be safely assumed that above sintering temperatures of 350 °C, the PEO will start to decompose while the DSC curve indicates that the PTFE will be in molten state (T M 314.6 °C). Thus, 350 °C can be considered as the lower limit of the sintering temperature range. Similarly, the PTFE component of the composite (which is in the molten state above its T M ) is stable up to ~450
°C beyond which its degradation begins and as such represents the higher sintering temperature threshold. Therefore, the sintering temperature range is concurred to be in the range of 350-450 °C, wherein the PEO would have decomposed while the molten PTFE particles could have fused together to form a continuous structure.
Consequently, the ES PTFE/PEO samples were subjected to a sintering process at a fixed heating rate of 10 ℃/min from room temperature to the first target temperature of 350 ℃.
From the SEM images shown in Figure 1d and Figure 3a , it can be observed that the PTFE particles are embedded uniformly in the PEO matrix. Upon heating to 350 ℃, a significant difference in the microstructure of the PTFE/PEO fibres could be observed, wherein the PTFE particles seem to have melted and fused together, giving rise to groove like structures across the length and diameter of the fibres (Figure 3b) . At a still higher sintering temperature of 370 ℃, the transverse groove-like structures could still be observed across the fibres with an apparently smoother surface. Moreover, interconnections between the fibres caused due to the melting and reforming of the structure could also be observed. However, due to fibre shrinkage occurring during the sintering process, a significant difference in the resulting film thickness can be observed. Upon sintering at 350 ℃, the thickness of PEO/PTFE composite membranes is dramatically reduced from ~80 μm to ~15 μm (see the cross-sectional images prior and post-sintering of Figures. 3a&c) . While an increase in the sintering temperature from 350 to 370 ℃ does not cause any appreciable change in the overall thickness of the film (see Figures. 3c&e) , however, a variation in the film colour, ranging from bright white for pristine PTFE/PEO to slight grey (350 ℃) and dark grey (380 ℃) was observed for the sintered samples (see Figure S1 , Supporting Information). Previous work by Xiao et al., using a 0.42 PVA/PTFE ratio, reported of cracks, inhomogeneity and discontinuity of sintered PTFE fibres due to the decomposition of a significant amount of PVA. 37, 41 In our case, due to the much lower PEO/PTFE ratio (0.12), PTFE particle wrapped inside the PEO fibres were fully melted together without significantly changing the fibre morphology and is in line with the results reported by Feng et al.. 29 Also, in our case, the removal of PEO from the composite fibres was confirmed using the DSC wherein no PEO melting peaks were observed for sintered samples (Figure 2b ). PTFE is a highly crystalline polymer as evidenced by the relatively high crystallinity value (ΔX c ) of nearly 82.6% for the as-deposited PTFE/PEO composites. Upon sintering, a reduction in the ΔX c was observed with a value of nearly 62.5% for the samples sintered at 350 °C, 58.0% for samples sintered at 360 °C and a value of 59.7% for samples sintered at 370 °C. This reduction in the crystallinity upon sintering is attributed to the melting and recrystallization of PTFE during the sintering process and has been observed previously by Feng et al. as well. 29 The sintered PTFE nanofibers also exhibit an extensive crystalline transition at ~20 °C due to a transformation of the Phase II helix crystal structure (below 20 °C) first to the Phase IV hexagonal crystal structure (above 20 °C) and then to the Phase I hexagonal crystal structure (beyond 25 °C). 42 Interestingly, this phase transition was not observed for the composite films and only appeared for the sintered films, hence indicative of the purity of the PTFE nanofibers upon sintering process.
Further confirmation of the removal of PEO by sintering was corroborated using the FTIR and XPS analysis. In the FTIR spectrum of PTFE (shown in Figure 4a ), the most prominent peaks are observed at ~1201 and 1145 cm -1 , originating from the C-F bonds of PTFE. 43 In contrast, the infrared spectrum of PEO is much more complex with bands at around 1341 and 1467 cm -1 , corresponding to the vibrations of the CH 2 group, with further strong bands observed at 1093 and 960 cm -1 , ascribed to the asymmetric CO stretching vibration. 44 In the region, around 2880 cm -1 , the strong band from PEO is attributed to the symmetric and asymmetric CH stretching. 45 Now, comparing the pristine ES PTFE/PEO and the samples sintering at 370 °C, the surface atomic concentrations change to 34.0, 65.9 and 0.1 at% for C, F and O, respectively, with a resulting F/C ratio of 1.9, which is very similar to the expected value for pristine PTFE. 27, 28, 46 As compared to the pristine ES PTFE/PEO (full-width at halfmaximum, FWHM 1.3), the line width of the C1s spectra in the sintered sample shows a higher value (2.2) which can be attributed to the formation of possible defects in the structure. However, both the C1s and F1s peaks demonstrated no peak shift, which indicates that the oxygen species being removed during the sintering process do not react with the chemically stable PTFE surface. The results show the optimal sintering temperature to remove PEO and form continuous fibrous structures is ~360 °C. Such processed PTFE nanofibers were used to fabricate the TENG devices as shown in the following section.
Electrical characterisation of TENGs
Considering the triboelectric series, PTFE is one of the strongest tribo-negative materials due to the presence of significant quantities of electronegative fluorine in the structure, whereas the polyamide can readily provide the charge, which is then accepted by the PTFE and as such the system can provide a significantly high power output. 10 As both the voltage and current outputs of the TENG are proportional to the surface triboelectric charge density, the resulting power output has a quadratic dependence on the surface charge density. As shown in Figures. 5a&b, 47 Through the judicious use of materials, surface nanostructuring and further introduction of static surface charges, the power output of the TENGs can be further improved significantly. However, it is observed that, for PTFE based TENGs, the negative charges were required to be introduced to the surface of the PTFE films in advance of the TENG fabrication processes to improve the electrical outputs. The negative charge introduction processes were realised by either a direct high-voltage charge injection 5 or are the side effect of the RIE process 11, 22, 47, 48 with relatively high equipment requirement.
Herein, we have utilised a commercial anti-static gun (Zerostat 3, Milty) to achieve the same effect through the direct deposition of the negative ions directly onto the ES PTFE surfaces. 49 The working principle of the anti-static gun is based on the piezoelectric effect which consists of 'two-cycle' operation. A compression trigger and two piezoelectric crystals are embedded inside the gun which generates positive ion flow when the trigger is squeezed and negative ion flow when the trigger is released. [50] [51] [52] By repeating these squeezing-releasing operations, the positive and negative charges can be induced on the target surface. The anti-static gun is usually used for deionization process or preventing electrostatic charge attracting dust onto critical samples/surfaces in the laboratories. 51 In Bharat's research, the anti-static gun was utilised to deposit the negative charge on the surface of hydrophobic polystyrene to form a negatively charged surface. 52 In our work, we have deposited negative ions on the assembled ES PTFE/Al layered structure at a vertical distance of ~2 cm (shown in the inset of Figure   6a ). It has been shown previously that during the release cycle, various ions including . 49 In the case of the electret FEP, the presence of voids within the FEP structure allows for a significantly higher density of charges to be deposited onto the surface, unlike the electrospun PTFE membranes which do not have similar porosity.
The working mechanism of the dielectric-to-dielectric contact TENG is based on the triboelectric effect induced electrostatic charges on the PTFE and PA6 films. 19 When two different tribo-materials are brought into contact, a contact-charge exchange will occur to maintain the electrostatic equilibrium state on the interface. When a material (donor) contacts with the negatively charged surface, to achieve the electrostatic equilibrium state on the contact interface, it will tend to lose more electrons, which will lead a higher density of positive charge on the surface after separating. According to Niu. et al, the transferred charge of the TENGs are directly proportional to the surface charge density of the contact materials. 19 Thus, the deposition of the negative charge on the surface of the material will dramatically increase the transferred surface charge density on both sides of the contact surfaces. As the value of transferred charge density is enhanced via ion-injection, it causes the induced electric potential established between the two electrodes on the back of the triboelectric materials to increase to a higher-level due to electrostatic induction, which leads to higher output performance. To further study the stability of such ion-injected TENGs, we operated the ES PTFE/PA6
TENG for over 30,000 energy generation cycles at a working frequency of 5 Hz. Within the 100-minute operation time, no attenuation of the V oc values could be observed, thus indicating that the ion-injection process is an effective practical method for fabricating highpower output TENGs. In addition, the sintering process not only helps to eliminate the carrier but also lead to much higher mechanical properties which can help sintered membranes based TENGs to maintain the surface structure under high-pressure compressions and provide highly stable electrical outputs during the long-term resistance test. 29 It is necessary to mention that, in order to initialise the dynamic fatigue tester system, the ion-injected PTFE membrane layer needs to be kept in contact with the PA6 membrane for several minutes for calibrating the impact position before the TENG electrical output test. Thus, the negative charges can stay stable on the surface of dielectric materials even after keep contacting with other dielectric materials.
Apart from the deposition of negative-ion on the electrospun PTFE membrane surface, an additional positive ion-injection operation was applied to the positive tribo-material surface (PA6 membrane) to further enhance the TENG output. However, compared to the negative ion-injection process on the PTFE surface, the effect of the positive ion-injection to PA6
surface on the output performance of the TENG is negligible. It can be observed from Figure   S6 in SI, that the positive injection merely provided a negligible instant voltage output improvement (~10 V). Furthermore, the stability of injected charge was quite poor wherein the injected charge was eliminated within the ~200-second continuous test.
To investigate the stored charge on the PTFE and PA6 membranes, EFM experiments were conducted. EFM operates in a typical "lift-mode" and is based on the fact that an oscillating cantilever is sensitive to long-range electrostatic force gradients. Variation in probe-sample capacitance (C) created by stored charges (q) or surface charges in the sample is detected by a dual-pass measurement approach. During the first pass scan, the conductive probe in standard tapping mode measures topography. In a second "nap" pass, the topography data allows the probe to retrace the scan line at a constant height or a fixed height (lift height ) above the surface. Increasing the lift scan height or separating the probe and sample enhances sensitivity to long-range electrostatic forces, while maintaining constant height minimizes effects from other interactions such as van der Waals forces. During the nap pass, the cantilever is excited to its resonance frequency, and a DC voltage, V EFM , is applied between the probe and the sample. If the surface of the sample is homogeneous and no electric charges trapped, the EFM signal is uniform and constant all over the surface. However, the presence of trapped or stored electric charges would shift the resonance frequency of the cantilever.
The resulting changes in the amplitude and phase of the cantilever at the oscillation frequency are recorded in the EFM amplitude and phase channels. The use of phase measurement in EFM is a direct and fast way to detect qualitatively electrostatic force gradients. This change in phase or phase shift of the cantilever is given as:
Where Q is the quality factor, k is the spring constant of EFM cantilever, and z 0 is the cantilever equilibrium position, F is the electrostatic force experienced by the probe and V q is the surface potential due to q charges. than exclusive negative charges. 54 In their report, it has also been argued that the positive macro-domains on PTFE are formed by species derived from contact with polyethylene. This effect can be further demonstrated by observing the EFM scanning result shown in Figure 7i .
Without ion-injection, both positive charge domain and negative domains can be detected from the surface of a commercial PTFE film (FLOFILM TM 100 12.7 μm thickness) with a relatively flat surface. By combining the commercial PTFE film with a PA6 membrane as a TENG device, the respective outputs (shown in Figure S4 ) were observed to be lower than the ES PTFE based TENG without ion-injection process. After being treated with the similar ion-injection process, the output performance of the commercial flat PTFE film based TENG is significantly lower than the electrospun PTFE based one at the same working conditions (shown in Figure S5 in SI). In particular, the charge density of the electrospun PTFE TENG (~149 μCm -2 ) is almost twice that of the flat PTFE film one (~85 μCm -2 ), which is attributed to the much higher effective surface area of the contact interface, even though the surface patterns of the PA6 surface and the electrospun PTFE surface are not fully geometrically matched yet.
In our case, before the sintering process, the existence of both positive and negative domains on ES PTFE-PEO composite fibre surface can be confirmed by observing Figure S7c .
Although crystalline phase PEO segments have been decomposed and removed through the sintering process, isolated residual segments may still exist on the PTFE nanofibers. These residual PEO segments can induce a net positive charge on the surface of the sintered PTFE as visible in Figure 7c , which may contribute to residual positive charge on the sintered PTFE surface alongside the negative charge. This inference is supported by the enhancement of the C-H stretching band in the 2800-3000 cm -1 region in the FTIR spectrum, which can only come from the species derived from PEO as the PTFE with its CF 2 -CF 2 structure should not show any C-H stretching (Figure 7h ). Similar results have also been shown by Burgo et al. in their work on the identification of charged species in PTFE/PE system. 54 The presence of positive charges on the sintered PTFE sample and commercial PTFE sample can also potentially explain the poor electrical response from the fabricated TENGs prior to the charge-injection process. When the sample is charged by the ion-injection process, the electrospun fibres in the sample show higher contrast or larger phase shift (Figure 7f ), due to higher force gradient, which physically corresponds to the attractive interaction between the stored charge (i.e. negative charges) and capacitive charges (positive charges) at the EFM tip. 
Conclusion
High purity PTFE fibrous membranes with the large surface area were successfully fabricated by emulsion electrospinning technique followed by a high-temperature sintering process.
Combining with the phase inversion PA6 membranes, the fabricated PTFE fibrous membranes were further applied for producing TENG devices. Subsequently, a simple negative ion-injection process was utilised not only to neutralise the positive charge introduced by the PEO with oxygen groups, but also dramatically enhance the surface negative charge density of the PTFE membranes. The electrospun PTFE fibrous membranes based TENG exhibits a remarkably high output performance when contacted at a 5 Hz working frequency, the device gave a stable peak-to-peak open-circuit voltage of 900 V and short-circuit current density of 20 mAm -2 , corresponding to a current density of ~149 μCm -2 .
In addition, a maximum power density of ~9 W/m 2 was obtained at an impedance matching condition with high stability and reliability. The work unambiguously shows a simple, costeffective, and environmentally-friendly technique for fabricating PTFE fibrous membranes and fully demonstrates their great application potential in the field of energy harvesting. 
